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FOREWORD
I have no hesitation in recommending this text. It is best described as a considerable work of scholarship. It makes a substantial contribution to the literature and will be of real value to both industry and academy.
Industrialists concerned with the production of stainless steels will find the logical development in this e-Book of real value. Similarly, those concerned with the use of stainless steels in the production of components are catered for in considerable depth. Above all, those interested in the research aspects will find a text of substantial importance. It would certainly make an excellent support text for a post-graduate course on stainless steels. The emphasis on recent developments is to be appreciated.
The text begins with a general introduction (Chapter 1) which briefly covers the history of stainless steels and classifies them according to their microstructures. Chapters 2-7 then consider each of the classifications, ferritic, austenitic, martensitic, duplex, precipitation-hardening and high nitrogen stainless steels. The various problems that occur with particular classes of stainless steels such as embrittlement, sensitisation intergranular corrosion, etc., are outlined. These chapters (2-7) also cover the control of the various transformations (martensitic, spinodal precipitation) together with the control of properties.
Chapter 8 is concerned with the phases which precipitate in stainless steels. Some of the problems encountered with stainless steels are then covered in much more detail in Chapter 9 with the emphasis again on recent advances and discoveries. Here particularly useful reviews are given to hydrogen embrittlement, sensitisation, metal dusting, pitting, stress corrosion cracking, fatigue and creep.
The final four chapters deal with novel and new applications of stainless steels (Chapter 10), improvement of bulk and surface properties of stainless steels (Chapter 11), coloration of stainless steels (Chapter 12) and powder metallurgy of stainless steels (Chapter 13), Each chapter is associated with a very extensive reference list. These reference lists includes the really significant historical references but the emphasis is, as it should be, on recent papers which has helped to develop the field of stainless steels and will continue to do so.
AN OVERVIEW OF STAINLESS STEELS AND THEIR GENERAL CLASSIFICATION
The importance of stainless steels to our society is vividly demonstrated by the plenitude of applications that rely on their use. These applications range from the low-end, like cooking utensils and furniture, to the very sophisticated, such as space vehicles [1] . The ubiquity of stainless steels in our daily life makes it impossible to enumerate all their applications.
The word 'steel' means that the material is iron-based, while the adjective 'stainless' implies absence of staining, rusting or corroding in environments where normal steels are susceptible (for instance, in relatively pure, dry air). In order for steels to be stainless, at least about 11wt% of chromium must be alloyed to the base material. At this Cr level, an adherent, self-healing chromium oxide can form on or at the steel surface in relatively benign environments. However, to stave off pitting and rusting in more hostile environments (say, in moist atmospheres or polluted environments) or in the presence of elements like carbon, higher Cr contents and other alloying element (Mo, Ni, e.g.) must be added. In addition to being corrosion-resistant, stainless steels also do not discolour in a normal atmospheric environment. The crown of the Chrysler building, which was made of an austenitic stainless steels (tradename Nirosta), stills shines nowadays, although the building was completed in the year 1930 and is located near the seaside. Stainless steels also outperform ordinary steels on high-temperature mechanical properties. Stainless steels are much better in terms of fire resistance and retention of strength and stiffness at elevated temperatures compared with carbon steels (Figs. 1 and 2) [2] [3] [4] [5] . As early as about the beginning of the 1820's, the Frenchman Pierre Berthier and the Englishmen Stoddard and Farraday had noted Cr-bearing iron was more resistant to attack by certain acids. Nevertheless, these early materials were not stainless steels because of their low Cr contents. The pernicious effect of carbon on corrosion resistance was recognised in 1875 by Brustlein of France. In 1904, Leon Guilllet, another Frenchman, undertook extensive studies on the metallography, constitution and mechanical properties of a range of iron-chromium alloys, which nowadays are known as 410, 420, 442, 446 and 440C . He also studied an iron-chromium-nickel alloy whose composition resembled the present-day 300 series. P. Monnartz and W. Borchers, in Germany, were arguably the first ones to recognise that passivity (and so stainlessness) was associated with at least about 12% Cr. The discovery of stainlessness in steels struck almost simultaneously in the USA, the UK and Germany, leading to recognitions and patents. Harry Brearley of England is often referred to as the initiator of the age of stainlessness. He made and studied a genuine stainless steels of 12.8% Cr and 0.24% C in 1913 . In 1915 and 1916 , Brearley obtained patents in Canada and the USA for martensitic alloys with 9 to 16% Cr and less than 0.7% C. In Germany, Edward Maurer and Benno Strauss, during the period of 1909 to 1914, brought the austenitic stainless steels to industrial prominence. Maurer and Strauss worked on a range of austenitic stainless steels containing 15-40%Cr, <20% Ni and <1% C. In the USA, Dantsizen realised that alloys similar to those that were being studied by Brearley were stainless if the carbon content was kept to low levels. The ferritic stainless alloys were used as lead-in wires for light bulbs and for turbine blades. In 1926, Monypenny published a groundbreaking book entitled 'Stainless Iron and Steel'. Bain and co-workers were recognised for their contributions to the development of the constitution diagrams of iron-chromium-carbon alloys. The importance of the work by Bain on the gamma-loop, i.e., the range of composition and temperature over which austenite is stable, and the effects of alloying elements on the retention of austenite at room temperature cannot be overstressed. Contributors since the 1930's are more difficult to identify, because of the sheer number of research efforts on almost all aspects of stainless steels.
While the Fe-Cr system forms the basis, modern stainless steels, besides Cr, also contain a myriad of other alloying elements whose presence enhances specific properties. For example, pitting resistance is enhanced when Mo is present. Ni may be used if it is desired to have some austenite in the microstructure. Cu is used to form the strengthening precipitates in precipitation-hardening stainless steels.
The superferritics and superaustenitics contain very generous amounts of alloying elements. When Cr and Ni are present in substantial amounts, the resulting alloy is called heat-resisting alloy. Although a jumble of alloying elements may be present in stainless steels, their total content is usually kept below the iron content, for the sake of maintaining the resulting alloy to be a steel.
Three main types of microstructures exist in stainless steels, i.e., ferritic, austenitic and martensitic. These microstructures may be obtained by adjusting steel chemistry. Out of these three main microstructures, stainless steels may be categorised into several main classes [1, 6] . These are: 1. ferritic stainless steels, 2. austenitic stainless steels, 3. martensitic stainless steels, 4. duplex stainless steels 5. precipitation hardening stainless steels and 6. Mn-N substituted austenitic stainless steels. The different classes of stainless steels possess different properties. For instance, while fully austenitic stainless steels are non-magnetic at room temperature, their martensitic and ferritic counterparts are ferromagnetic. The different properties of the various stainless steels have been studied extensively for a very long period and thus are very well documented in the literature. An early handbook on stainless steels, which contains a series of informative articles, is a very good source on this topic [7] .
STATUS QUO OF GLOBAL PRODUCTION AND CONSUMPTION OF STAINLESS STEELS
The importance of stainless steels may be appreciated by looking at the tonnages of their production and consumption in some of the major economies ( Table 1) . Overall, the figures show an upward trend on a yearly basis in the 1990s. While Table 1 shows the trend in the last century, Table 2 gives more up-to-date figures of major continents since the year 2000. Table 2 clearly shows that the tonnages of production of stainless steels and heat resisting steels are constantly on the rise. Table 2 shows that Asia, whose economy is fast expanding, accounts for a large portion of the stainless steels produced worldwide. The tonnage produced in China, which has overtaken Japan as the world's leading producer of stainless steels [8] and reached a per capita consumption over 4.6 kilogrammes in 2006 [9] , is particularly high [10].
The above being said, stainless steels still lag far behind carbon steels in tonnages of crude production. It has been suggested recently that stainless steels production is less than 1% of carbon steels, although yearly production of flat stainless steels has been growing at an average of 6% for more than 50 years [11].
INTRODUCTION
Commercial ferritic stainless steels may be classed as Fe-Cr alloys containing about 12 to 30wt% Cr. High Cr ferritic stainless steels are used in a wide range of high-temperature applications, such as boiler tubes and turbine blades [1] . In terms of usage, ferritic stainless steels lag behind their austenitic counterparts for the following reasons: lack of ductility, poor weldability, susceptibility to embrittlement (due to 475°C-embrittlement, e.g), notch sensitivity and poor formability (relative to their austenitic counterparts). Furthermore, Fe-Cr alloys normally do not passivate in a reducing acid environment [2] and high-Cr ferrite is infamous for its brittleness and ductile-to-brittle cleavage transition.
However, ferritic stainless steels, under certain circumstances (e.g., in Cl-containing environments), may have a higher corrosion resistance than austenitic stainless steels when their pitting resistance equivalent number (PERN) exceeds 35 [3] . Superferritic stainless steels, which contain even higher amounts of Cr and some Mo, possess excellent pitting resistance. Ferritic stainless steels are also quite machinable and it is now possible to achieve very good machinability without using Pb [4] . In addition, ferritic stainless steels have a high thermal conductivity, a lower thermal expansion compared with their austenitic stainless steels counterparts, and they are very immune to stress corrosion cracking.
Some of the typical ferritic stainless steels, together with their properties, are listed in Table 1 The low Cr grades (<14%) are primarily used as structural materials and they are not that corrosion-resistant. They are weldable as they form some austenite at high temperatures, which hinders excessive grain growth in the heat-affected zones. AISI430 may be viewed as the workhorse of the ferritic class that contains low Cr levels. It is used for pots, pans and automotive parts. Lately, AISI439 has been utilised as automotive trims because of its higher Mo content. AISI405 is used in steam turbines and AISI409 as exhaust equipment of automobiles. Grades containing about 17%Cr (AISI430, AISI434) are used as cookware and in decorative applications. In countries where deicing salts are used on roads in the winter, it may be desirable to use AISI434 in automobiles as this steel contains some Mo. Some of these grades may contain hightemperature austenite which may subsequently transform to brittle martensite upon cooling to room temperature and so they are not that weldable. The high-Cr grades (>20%) have good oxidation and corrosion resistance and may be used in high-temperature applications. Grades 18/2 and E-Brite26-1 are of much lower carbon contents and contain Mo for enhanced pitting corrosion resistance.
In general, steels having low Cr contents and relatively high levels of C are considered non-weldable. AISI409 contains a low level of C and is stabilised with Ti. Ti is a ferritising element and because of the low C level, AISI409 is ferritic at almost all temperatures. Some of the steels (AISI436, AISI439, e.g) also contain stabilising element like Nb, Ti and Ta. These steels are more adaptable to welding. The E-Brite26-1, AL29-4-2, AISI446 and AISI444 contain very high levels of Cr and may be regarded as the superferritics. These are very corrosion-resistant steels in chloride solutions. Nonetheless, they are lacking in toughness. The E-Brite26-1 and AL29-4-2 steels are of ultra-high purity. 
MICROSTRUCTURE OF FERRITIC STAINLESS STEEL
At room temperature, ferritic stainless steels are of the bcc crystal structure and have limited solubility of carbon. Hence, most of the carbon forms the (Cr, Fe) 7 C 3 and (Cr, Fe) 23 C 6 carbides. Fig. 1 is the phase diagram of Fe-Cr alloys.
From the constitution diagram, it may be seen that for Cr contents lower than about 13wt%, austenite may form at elevated temperatures. Therefore, Fe-Cr alloys containing less than about 13wt% Cr may possess a duplex microstructure consisting of ferrite and austenite if they are not cooled rapidly enough from high temperatures. Beyond 13wt % Cr, their microstructure may be fully ferritic up to the melting point. Because ferritic stainless steels normally do not form austenite on heating (>850°C), they are not amenable to strengthening via a martensitic transformation. Nevertheless, the extent of the austenite region in the phase diagram depends strongly on steel chemistry. The austenite region may be expanded when austeniteforming elements are present (e.g., carbon, nitrogen and nickel). In this respect, carbon and nitrogen are particularly effective (Fig. 2) . Therefore, it is still possible for some Fe-Cr alloys (the 405, 429 grades, for instance) to contain some austenite at high temperatures and then retain the duplex microstructure at room temperature [5] . The duplex microstructure may bring about a certain degree of strengthening and grain refinement. As a matter of fact, the composition of the 1.4003 ferritic stainless steel is designed to contain some austenite on cooling from high temperatures, with the aim of improving weldability and as-welded toughness by lessening grain growth in the heat-affect zone [6] . The austenite usually forms at the ferrite grain boundaries and as a Widmanstatten structure. If the austenite transforms to martensite upon cooling to room temperature, then tempering is necessary to transform the martensite to ferrite and carbides. Fast cooling is needed to suppress austenite formation in the heat-affected zones of welds. 
INTRODUCTION
In terms of tonnage produced yearly, austenitic stainless steels (AusSSs) are the largest group in the stainless steel family. The most widely used are those in the AISI300 series, a system of Fe-Cr-Ni alloys.
The grade containing about 18wt%Cr and 8wt% Ni (often called the 18-8 steel) may be regarded as the basis for this series. Because nickel is rather pricey ($15000 per tonne in the year 2005 [1]), its replacement using nitrogen and manganese is commonplace nowadays [2] . The 200 series is basically a system of FeCr-Mn alloys [2] . Because of the rising popularity of the high-N, low-Ni (or Ni-free) AusSS, a separate chapter (Chapter 7) is devoted to this class. Overall, AusSS possesses good corrosion resistance, mechanical properties and fabricability.
In the AISI300 series (see Table 1 ), type 301 (17Cr-7Ni) possesses good fabricability and the ability for strengthening via cold-work because of the deformation-induced martensitic transformation. Types 302 and 304 contain higher amounts of alloying elements. Type 304 is widely used in a range of applications, especially those involving high temperatures. The nickel content makes type 305 even more stable than type 304. Types 309, 310 and 314 are also adaptable for high-temperature applications. Types 316 and 317, because of their high alloying contents, have good corrosion resistance and high-temperature strengths. 
MICROSTRUCTURE OF AUSTENITIC STAINLESS STEEL
The phase diagram of the Fe-Cr system is shown in Fig. 1 . Since the Cr contents of AusSSs exceed 16wt%, their equilibrium microstructure at room temperature would be fully ferritic, if no other austenitising alloying elements were added to the material. Elements that are most often used to obtain an austenitic microstructure are Ni, Mn, C and N. It has to be noted the leaner steels in the 300 series (Fe-Cr-Ni alloys) may contain ferrite at elevated temperatures. On the other hand, those in this series that are highly alloyed are usually fully austenitic. However, inhomogeneity in the original casting may result in ferrite being present in some regions. The presence of ferritising elements like Mo, Ti may also lead to ferrite in the final microstructure. Hence, when these ferritisers are present, the Ni content should be increased accordingly. For alloys to be welded, the prediction of phase balance is most often done with the Scheffler diagram and the DeLong diagram [3, 4] . Prediction of phase balance is described in detail in Chapter 5. In essence, the various diagrams and methods proposed by researchers involve converting ferritising elements to an Cr equivalent number, whereas austenitising elements are converted to a Ni equivalent number. The Cr and Ni equivalent numbers suggested by Schaeffler and DeLong (who considered the effect of N also) are as follows, respectively. Subsequent researchers have incorporated the effects of more elements in such expressions.
MARTENSITIC TRANSFORMATION IN METASTABLE AUSTENITIC STAINLESS STEELS
The presence of deformation-induced martensite may cause a multitude of problems, such as delayed cracking of deep-drawn austenitic stainless steel components [5] . Nevertheless, deformation-induced martensite may also enhance the rate of work-hardening and so is good for formability. The formation of deformation-induced martensite (denoted as α' in this e-Book) is related closely to shear bands, which are planar defects associated with the overlapping of stacking faults on {111}γ. Depending on the nature of the overlapping, twins, the ε-martensite or stacking fault bundles may form. Twins form when stacking faults overlap on successive {111} planes, whereas ε martensite is generated if the overlapping of stacking faults occurs on alternate {111} planes. Stacking fault bundles arise from the irregular overlapping of stacking faults.
The sites of formation for α', the transformation routes of α', modelling of the formation of α', empirical expressions for assessing the stability of austenite against martensitic transformation and methods for detection of α' have all been investigated lately. Even though all of the topics were studied by a lot of early workers, recent studies have led to deeper insights and old results have been critically re-examined.
Nucleation Sites and Transformation Routes of α'
It is generally accepted that the intersections of the ε martensite may act as the sites of nucleation of α'. For instance, Kruml et al. [6] observed that α' had formed at the intersections of ε martensite with the following orientation relationships [6, 7] :
A satisfactory model for α' formation has also been obtained recently by taking the intersections of ε as the embryos of α' [8] (Fig. 2 ). 
INTRODUCTION
Martensitic Stainless Steels (MSSs) typically contain 12~17%Cr, 0~4%Ni and 0.1~1.0%C (C<0.015% for the supermartensitic grades). Alloying elements like Mo, V, Nb, Al and Cu are added for enhancement of specific properties. Mo improves pitting corrosion resistance and Cu machinability [1], for example. The high-nitrogen grades are getting more popular as they possess higher strengths, toughness [2, 3] and pitting corrosion resistance [4] . Nitrogen may also bring about a finer prior austenite grain size [5] ). The hardness of the martensitic class mainly stems from carbon, whereas hardenability is imparted by other alloying elements.
The martensitic class is used in a variety of fields. These include turbine blades, surgical instruments, cutlery, bearings, compressors, razors, etc. New steels possessing specific properties to suit particular applications have been made. For instance, steels possessing suitable workability, drivability etc., for use as self-drilling and tapping screws have been developed [5, 6] . The steel, designated as XD15NW, has been developed with the aim of replacing AISI440C for cryogenic aerospace bearings because of its improved tribological and fatigue properties [7] .
Like the ferritic class, the martensitic class is also susceptible to 475°C-embrittlement. It suffers from hydrogen embrittlement, too [8] . A steel may acquire hydrogen during melting, casting and heat treatment. For example, during casting, reaction of the steel with water vapour may generate hydrogen that is trapped in the metal during solidification. Alternatively, hydrogen may be produced as a corrosion product in some environments [9, 10] . This kind of embrittlement typically reveals itself during slow deformation and the fracture is usually intergranular [8, 11] . Annealing at low temperatures (between 200°C and 370°C, for instance) drives out hydrogen from the steel. The lowering in quantities of trapping sites like dislocations and twin boundaries on annealing makes hydrogen entry to the steel more difficult, thereby ameliorating embrittlement [9, 11] .
The compositions of some of the commonly used MSSs are listed in Table 1 . AISI403, AISI410, AISI416 and its sibling with Se addition are the low-C varieties. AISI410 is the most widely used among them. AISI430, compared with AISI410, possesses better forgeability. AISI416 and AISI416Se are more readily machinable. Except for these, their mechanical properties are largely identical. AISI414, AISI422 and AISI431 contain nickel, which improves toughness, counterbalances the ferritising effects of molybdenum, vanadium, etc. and betters corrosion resistance in neutral chlorides and weakly oxidising acids. The three varieties of AISI440 all contain appreciable levels of carbon and are thus brittle. They have found applications in which abrasion resistance is a prime concern. Retained austenite may form in these steels on grounds of their high chromium contents. If the retained austenite transforms martensitically on quenching, then cracking may occur.
AISI403, AISI410 and AISI416 are considered the low-C grades. 416 is similar to 410 except that it is more readily machinable. 403 has a bit lower Cr content in order to avoid ferrite formation. These low-C grades have minimum hardness if they are annealed between 845°C and 870°C for about 2 hours per inch of thickness and then air-cooled. If it is desired to have partial softening and better machinability, then annealing is carried out between 730°C and 790°C for several hours and air-cooled. Annealing between 925°C and 1010°C for about several hours per inch of thickness, followed by air cooling, yields a high strength. AISI414, AISI422 and AISI431 are also of low C contents, but they contain nickel compared with AISI403, AISI410 and AISI416. In 414 and 431, Ni improves toughness. In 422 and 431, Ni ensures that the high-temperature microstructure remains austenitic (422 also contains Mo, V and W, all of them are ferritising and they improve hightemperature properties). AISI420, 420F and AISI440 are of high C contents. These grades, when annealed at 900°C and then slowly air-cooled to 590°C, will have minimum hardness for forming operations. If it is desired to harden these grades, then they are first heated to 790°C. Following an isothermal hold at this temperature, they are then heated to between 995°C and 1050°C and subsequently cooled in air or in oil. Because of the high C contents, retained austenite may form. This austenite can then transform isothermally to martensite at room temperature, resulting in a size change or cracking. Therefore, a subzero quench or a double tempering treatment, with cooling to at least room temperature between treatments, might be required. In the quenched and stress-relieved state, the high-C grades may have a high yield strength (up to 1895MPa) and hardness (up to 600 in the Brinell scale for 44 o C), but they are brittle. Tempering may improve ductility, but corrosion resistance may be compromised. 
11.5-13.5 0.15 MSSs are usually fully austenitic between 950°C and 1000°C. Their high alloying contents impart to them sufficient hardenability such that they may acquire a martensitic microstructure on air-cooling, even for larger sizes. Desired properties are then obtained by subsequent tempering treatments.
As mentioned, the subsequent tempering treatment affects properties of the martensitic class greatly (Fig.  1) . Some typical values of properties of the various martensitic steels before and after tempering treatments are shown in Table 2 . The temperature above which re-austenitisation and hardening begin again sets the upper limit for tempering. Usually, the best corrosion properties in typical oxdising media are obtained in the stress-relieved condition, but impact toughness may be inadequate. Stress-corrosion resistance in the stress-relieved condition is also not good (although general corrosion resistance is good) because of the high hardness. In the tempered condition, stress-corrosion resistance is improved, but general corrosion resistance is degraded.
CONSTITUTION OF MARTENSITIC STAINLESS STEELS
As mentioned in Chapter 2, a fully austenitic microstructure may be obtained at high temperatures in Fe-Cr alloys when Cr is less than about 11wt%. As stainless steels, the martensitic class must contain at least
INTRODUCTION
A Duplex Stainless Steel (DSS) is a duplex alloy whose two constituent phases are both stainless steels. That is, both constituent phases contain at least about 11wt% Cr. The two phases are usually present in substantial volume fractions and as two large distinct volumes. The most commonly used duplex stainless steels are those comprising ferrite (α) and austenite (γ), which form the basis of this chapter. In addition to duplex stainless steels (ferritic-austenitic, martensitic-ferritic, and ferritic-martensitic), triplex stainless steels (ferritic-austenitic-martensitic ) are also available. The existence of Fe-Cr-Ni DSSs was reported by Bain and Griffiths in 1927 [1] . These authors also published isothermal sections of the Fe-Cr-Ni system for 900°C, 1050°C, 1200°C and 1300°C.
Typically, DSSs contain 17 to 30wt% Cr and 3 to 13wt%Ni. To guard against oxidation, Mn and Si in the range of 0.5 to 2.0wt% may be added to the steel. Newer varieties, like 7MoPLUS and 2205, contain raised levels of N and Mo for enhancement of strengths, general corrosion resistance and pitting corrosion resistance. Their pitting resistance equivalent numbers (PREN=%Cr + 3.3%Mo + 16%N) are usually between 33 and 36. Carbon is commonly kept at a low level, although some carbon-strengthened DSSs may contain up to 0.3 wt%C. Superduplex stainless steels, with even higher alloying levels and a minimum of 0.25wt%N, have a PREN that is at least 40. Table 1 . shows some of the commercially available DSSs, together with their compositions. The typical ferrite fractions and the state of the steel (wrought or cast) are also shown in the last column, but it has to be noted that the volume fraction of ferrite (and that of austenite) depends heavily on the exact heat treatment and composition [2] . Ordinary DSSs find applications in a variety of fields. The millennium bridge in York, England was built with 2205. This grade is also a standard material for making chemical tankers. The pulp-and-paper industry is also a heavy user of DSSs.
Besides ordinary duplex and superduplex DSSs, recent interests are on lean DSSs [3] and hyperduplex DSSs [4] . LDX2101 is a new lean DSS, which was designed with the aim to compete with traditional austenitic stainless steels 304/304L and 316 [3, 4] . In the oil and gas industry, the use of lean DSSs as pipe racks, cable trays, insulation claddings has been found to be promising as replacements for carbon steels and AISI316. Fig. 1 shows how DSSs, lean and conventional, compare with traditional austenitic stainless steels in terms of strength and corrosion resistance. Lean DSSs are less prone to sigma phase formation than their conventional duplex counterparts [3], as they contain less Ni and Mo, but higher levels of N, Mn and Cr. It has been suggested that lean DSSs are those almost Mo-free and contain less than 3wt% Ni. However, LDX2101 contains about 0.3wt% Mo. Crevice corrosion may be more severe in lean DSSs because of their low Ni levels. Also, their high Mn contents may detract from pitting corrosion resistance. For hyper DSSs (S32707), they contain significant amounts of nitrogen and are highly alloyed, such that their PREN may reach 49 [5] . Fig. 2 . indicates the compositional differences among the various types of DSSs (note particularly their N contents). The hyper DSS UNSS32707 may rival titanium and Ni-based alloys. One of the typical uses of hyperduplex DSSs is in heat exchangers that are used in very hostile environments (involving seawater, e.g.). For severe applications that the superDSSs might just be adequate, the hyperDSSs may be a wiser choice. For instance, the hyper DSSs have been found to be more suitable than the superDSSs for use as subsea umbiblical cords, because of the very high water pressure and severe corrosive environment [6]. The Fe contents of most commonly used DSSs centre at about 70wt% and the compositions of DSSs are designed in such a way that the alloys fall into the (α+γ) field. However, whether or not a Fe-Cr-Ni alloy containing 70wt% Fe is duplex depends also on the temperature. A duplex microstructure may either be obtained during solidification (cast DSSs) or by hot working between about 1000°C and 1200°C (wrought DSSs). 
CAST DUPLEX STAINLESS STEELS
Solidification Modes of Cast DSSs
If the alloy in the molten state is cooled extremely slowly (approaching equilibrium solidification, which, in theory, never occurs in practice), then a duplex microstructure is obtainable only when the composition is designed in such a way that the alloy is within the (α+γ) field at the melting point. In almost all cases, either α or γ may form first because most cast alloys and duplex weld metals have a composition that falls outside this pseudo-eutectic range. The first solid that forms may actually be well outside the pseudoeutectic range.
For instance, the nominal Cr and Ni contents of the CF series of cast DSSs are 19wt% and 9wt%, respectively (CF 3 , e.g.) . Under equilibrium solidification, the whole alloy should be composed solely of α. But the microstructures of the CF series are actually duplex, with γ being the predominant phase (Fig. 3) . The root cause of the duplex microstructure has to do with the non-equilibrium solidification nature that is encountered in practice. 
INTRODUCTION
Precipitation-Hardening Stainless Steels (PHSSs) are commonly classified as austenitic, martensitic and semiaustenitic (recently, a duplex grade has been developed and is discussed below). It is possible to attain high strengths, but at the same time without seriously compromising corrosion resistance and ductility as in other classes of stainless steels, in the precipitation-hardening class. The strengthening mechanisms are chiefly associated with the formation of martensite and precipitation hardening, the latter being the final hardening mechanism. The following are believed to be the main contributors to strengthening associated with precipitation hardening [1]: 1. the coherency strain between the strengthening precipitates, 2. the state of ordering in the strengthening precipitates, 3. the difference between the shear moduli of the precipitates and the matrix, and 4. the fine particles of reverted austenite Most PHSSs contain titanium, aluminium, copper or molybdenum for achieving strengthening and hardening. For example, the A286 steel contains about 2% of titanium, the 17-7 PH steel contains about 1% of aluminium. The precipitation-hardening processes are dependent on both temperature and time. A higher temperature may hasten the attainment of maximum strength level in a shorter time. The precipitation processes are quite complex in the precipitation-hardening class. In fact, new precipitation phenomena and sequences have been proposed very recently, with the advent of more sophisticated experimental techniques.
The precipitation reactions that occur during a hardening treatment may be different for the different types of precipitation-hardening stainless steels. Therefore, instead of enumerating in detail the precipitation reactions in all of the commonly used PHSSs, the precipitation reactions that occur in the epitomes of each of the sub-classes (semiaustenitic, martensitic, and austenitic) will be discussed. For instance, the 17-7PH steel be used singled out for discussion on the semiaustenitic class, while the 13-8PH steel will be selected for the martensitic class.
SEMIAUSTENITIC PRECIPITATION-HARDENING STAINLESS STEELS
The compositions of four typical steels in this class are listed in Table 1 . In the solution-treated or annealed state (often referred to as condition A), the semiaustenitic class is predominantly austenitic, with some ferrite present (ranging from 5 to 20%). Through proper thermomechanical treatments, martensite may form in the microstructure. The semiaustenitic class is ductile in the as-solution-treated state and so can be formed without difficulty. Subsequent to forming operations, the steel may be strengthened to the desired level by a martensitic transformation and precipitation-hardening.
The austenite-forming and ferrite-forming elements must be carefully balanced or else the desired properties are not obtained. This is because if the austenite is too stable, then it will not transform martensitically. On the other hand, if the austenite is too unstable, then martensite may form even at room temperature. In this case, the steel is martensitic precipitation-hardening, instead of semiaustenitic precipitation-hardening. The quenching following solution-treatment should be fast enough to avoid a coarse grain size. The final properties of the steel will be better if a fine grain size is achieved at this stage. To obtain good properties, the solution treatment should be conducted properly. Too low a solution treatment temperature may result in incomplete homogenisation of the austenite, leading to an excess of retained austenite in the quenched state and affecting adversely the final properties [2]. 
Heat treatments of the Semiaustenitic Class
The heat treatment for the semiaustenitic class is mainly composed of: 1. austenitic conditioning, 2. martensitic transformation and 3. precipitation-hardening.
As mentioned, in the annealed or solution-treated state, the microstructure of the semiaustenitic class is a mixture of austenite and ferrite. The steel should be heated up (conditioned) such that martensite may form upon subsequent treatment.
During conditioning, carbides (Cr 23 C 6 ) may form and so carbon is taken out of solution, which raises the start temperature of martensitic transformation (Ms). The precipitation of carbides begins preferentially at the interface between ferrite and austenite. If the carbon content is high, then grain boundary carbides also form.
If the conditioning temperature is high, then less carbides will form and the Ms temperature may be depressed to such an extent that cooling below room temperature is necessary in order to kick-start and complete the transformation to martensite. Consequently, the temperature at which the austenite is conditioned affects Ms, which then affects the precipitation behaviour during precipitation-hardening and hence the final properties.
Of equal importance is the finish temperature of martensitic transformation, M f , which is approximately about 150°F lower than Ms. The transformation is more complete if the quenching temperature is closer to M f . Alternatively, holding the steel at a certain quenching temperature for a longer time allows for a more complete transformation.
For the semiaustenitic class, refrigerating to subzero temperatures is frequently employed. The refrigeratedand-aged condition is identified by the designation RH (TH if refrigeration is not used), while the coldworked-and-aged condition is commonly designated by CH.
The time duration for which a steel is conditioned also affects the final properties. This is understandable because longer times may allow more complete dissolution of carbides and any pre-existing phases like martensite and ferrite.
Following the conditioning treatment, the steel is subjected to precipitation-hardening treatment for attainment of the desired properties. Precipitation-hardening takes place between about 250°F and 1250°F for the semiaustenitic class. In most cases, precipitation-hardening is conducted between about 900°F and 1200°F. During precipitation-hardening, the martensite is tempered and stress-relieved for improved toughness, ductility and corrosion resistance. Some martensite may transform back to austenite. Also, additional hardening is obtained because of the precipitation of intermetallic compounds. The final properties depend on the contributions of these phenomena. Coarsening of the strengthening precipitates (overageing) will occur when the hardening temperature is very high. Although strengths decrease due to overageing, toughness in general increases.
Besides quenching and deep cooling, martensitic transformation may also be brought about by cold working [3] . The final properties hinge on the amount of cold work. If the steel in the annealed or solutiontreated condition is plastically deformed (for example, during forming operations), then large amounts of martensite may form in parts of the steel that are heavily deformed. If the steel is subsequently conditioned at a low temperature (say, at 1400°F), then the martensite in the heavily deformed parts might not be taken totally back into solution. Consequently, the properties of these severely deformed parts may be unsatisfactory and the desired precipitation-hardening may not be achievable. Usually, cold-working after precipitation-hardening is not recommended.
Upon prolonged exposure between 700°F and 800°F, severe embrittlement may occur because of continued precipitation of intermetallics and 885°F-embrittlement (475°C-embrittlement). Problems associated with these effects are detailed in Chapters 2 and 5.
MARTENSITIC PRECIPITATION-HARDENING STAINLESS STEELS
The compositions of some of the commonly used steels in this class are shown in Table 2 . As regards corrosion resistance, the martensitic class is comparable to austenitic stainless steels in most media. The martensitic PHSSs outperform ordinary martensitic stainless steels in almost all aspects. While workhardenable austenitic stainless steels and microduplex stainless steels may develop high strengths, they are often produced in plate form because of the necessity for cold-working. In this respect, martensitic PHSSs offer higher flexibility in the shapes of the final products, with high strengths, ductility, corrosion resistance and toughness being attainable. 
At room temperature, the as-solution-treated microstructure of this class is almost always martensitic. Nevertheless, some retained austenite may be present, depending on the prior solution treatment condition. Improper solution-treatment (the temperature too low or soaking time too short) may lead to incomplete homogenisation of the high-temperature austenite. So, the enrichment of austenite-forming elements in some regions of the austenite may not be eliminated. These chemically inhomogeneous regions may form in the as-solution-treated steel, thereby affecting properties [4] [5] [6] . For instance, toughness has been found to improve, whereas yield strength, ultimate tensile strength and fatigue limit are reduced [4] . Ferrite may also be present if solution-treatment is not done properly [6] . Reversion of martensite to austenite is also possible during the precipitation-hardening process if the temperature is high enough such that the diffusion of nickel in the martensitic matrix is facilitated [4] .
To ensure a martensitic starting microstructure, the composition must be carefully chosen. One indicator for checking whether a martensitic microstructure can be obtained after solution-treatment is the Ms point. In the literature, a litany of empirical formulae for calculating Ms have been proposed. The one proposed by
INTRODUCTION
The beneficial effects of adding nitrogen to steels, stainless or not, are manifold. The benefits include: (1) high yield and tensile strengths (2) good ductility (3) enhanced resistance to martensitic transformation (4) good strain-hardening behaviour (5) high resistance to pitting and crevice corrosion (6) low/no magnetism By properly adjusting the composition and judiciously choosing the right thermomechanical treatments, very high strength levels may be achieved because of solid solution-strengthening (N is a more potent solid-strengthening element than substitutional elements), grain refinement and the high work-hardening that are characteristic of high-nitrogen stainless steels. A remarkable feature of high-N stainless steels is that their increase in strength at room temperature does not come by at the expense of toughness.
The absence of a martensitic transformation means heavily cold-worked high-N austenitic stainless steels may remain non-magnetic, even at cryogenic temperatures. Cold-working, while increasing strengths, does decrease ductility. Nevertheless, the combination of strengths and ductility in high-N stainless steels is far better than that achievable with low-alloy steels.
According to Speidel [1], high-N martensitic/ferritic stainless steels are those whose N contents exceed 0.08wt%. And for austenitic stainless steels, their N contents must be higher than 0.4wt% [1] . To date, it seems that there still does not exist a generally agreed N content above which a stainless steel can be viewed as 'high-N' [2].
With the advent of technologies like the Argon Oxygen Decarburisation (AOD) and high-pressure metallurgy, stainless steels having very low-Ni contents (or no Ni whatsoever) are common. The Cromanite from Columbus Joint Venture (South Africa) having a nominal composition of 19Cr-10Mn-1Ni-0.5N is an example.
The bulk of research on high-N stainless steels is on the austenitic class. A lot of recent research has also focused on producing high-N stainless steels of the duplex class (as discussed subsequently). The production of high-N stainless steels of the ferritic class and the martensitic class is more challenging, because of the low solubility of N in ferrite (this is why N>0.08wt% is already considered high-N in the ferritic and martensitic classes by Speidel and Speidel [3] ). Alloying with N is also very beneficial to these two classes of stainless steels. For example, the corrosion resistance and wear resistance of the Ncontaining AISI420 martensitic steel are much better than those of conventional AISI420 [4] . Nitrogen can hinder grain growth during an autensitisation treatment [5] . Precipitation of nitrides also enhances the tribological behaviour of the ferritic class [6] .
It is worth mentioning that although some people defined high-N martensitic steels as those whose N contents exceeded a meagre 0. 
SUBSTITUTES FOR Ni-CONTAINING STAINLESS STEELS
A large chunk of usage of Ni-free/ultra-low-Ni stainless steels is in medicine [21, [23] [24] [25] [26] and new steels are readily available in the market (like the BioDur 108 stainless steel [27] ). The most commonly used austenitising substitutes for Ni are manganese, carbon and nitrogen [26] . Among these elements, carbon is the least welcome because of its sensitising effect. Manganese is favoured because of its austenitising ability and its high negative interaction parameter with nitrogen, which is conducive to the pickup of nitrogen [28] . Usually, both Mn and N are used for the following reasons: firstly, Mn alone cannot achieve complete austenite stabilisation for high Cr contents (>12%) [29, 30] . Secondly, attaining complete austenite stabilisation using a high nitrogen content (>0.2%) in the Fe-Cr-N system is not desirable because of the large positive interaction between Ni and N that may lead to a high tendency for nitride precipitation [28] . Also, high N contents may necessitate expensive high-pressure alloying techniques or timeconsuming solid-state nitriding processes. Thirdly, Ni-free, high-N stainless steels undergo a ductile-tobrittle transition. The Ductile-To-Brittle Transition Temperature (DBTT) is directly proportional to %N as ( ) 300(% ) 30 [15] and so N must not be too high.
These CrMnN steels in general possess resistance to corrosive wear [31] . For instance, the Hadfield steel has very good resistance to wear, but its corrosion resistance is not impressive. Gavriljuk et al. [26] have been able to fabricate a corrosion-resistant CrMnCN steel that is analogous to its Hadfield counterpart. The CrMnN steel produced by Mills and Knutsen [32] even tribologically outperforms the Hadfield steel in a corrosive environment. Additionally, CrMnN steels may exhibit TRIP-like behaviour and other properties of these steel are also satisfactory. These topics have been studied exhaustively by a number of workers [33] [34] [35] . Increasing Mn, while at the same time lowering Ni, has been found to be conducive to the resistance to stress corrosion cracking in a boiling MgCl 2 solution [36, 37] . This is because Mn selectively dissolves and the likelihood of localised corrosion attack is reduced as a consequence. A rule of thumb is that for every unit of Ni replaced, the requisite amount of Mn will be about two units. This rule forms that basis for the composition of the AISI200 series steels.
It has to be noted that the Mn content in CrMnN stainless steels may reach very high values (up to 19.0mass% in the Hadfield analogue, for instance [26] ). And high manganese steels are known to be prone to cryogenic intergranular fracture [38] . Too much nitrogen is also believed to detract from the cryogenic toughness and impact properties of austenitic stainless steels [39] [40] [41] . To address the problem of low cryogenic toughness, Fu et al. [42] have recently shown that electroslag melting (ESR) and alloying with Cr and Mo may be beneficial.
Although manganese is widely used as a substitute for Ni, its use may detract from fabricability. To get around this problem, Niinomi et al. [43] have devised a new, ingenious way to fabricate Ni-Free austenitic stainless steel wires. These authors used Fe-24Cr-2Mo ferritic stainless steel as the starting material. After shaping the raw material into a wire form, the wires are heated in a nitrogen atmosphere, thereby realising austenitisation. Because of the shallow depths that are penetrable by N atoms, this process is limited to making small parts only [43] . Since products in the forms of wire and thin plate are commonly fabricated in the steel-making industry, the behaviour of the absorption of N into austenitic stainless steel wires and plates has been studied by Tsuchiyama et al. [44] recently.
CONSTITUTION DIAGRAMS FOR LOW-Ni/Ni-FREE STAINLESS STEELS
Traditionally, the effects of different alloying elements on phase balance have been quantified by using the nickel and chromium equivalent numbers. 
INTRODUCTION
This chapter is on the different precipitate phases of stainless steels. Some of these phases may form in all classes of stainless steels, whereas some occur only in certain classes. For instance, while the chromiumrich ferrite α Cr only forms in the ferritic and martensitic classes, the M 23 C 6 carbide can form in all types of stainless steels. Nowadays, with the availability of sophisticated techniques, the detection and characterisation of the various precipitates has become more reliable and effective.
AUSTENITE AND FERRITE
When a precipitate forms, the understanding of its orientation relations with the matrix is of fundamental interest, because these relations have implications on formation sequence and the resulting property changes (e.g., the degree of strengthening depends on the coherency of the precipitate with the matrix).
In the solution-annealed state, the microstructure of Fe-Cr alloys is either bcc or fcc. The occurrence of spinodal decomposition can be clearly revealed by using the TEM, as the formation of regions that are respectively enriched with Fe and Cr will cause a characteristic mottled contrast. However, Kobayashi et al. [19] have suggested recently that in high-N stainless steels, the compositional fluctuation of the interstitial element N may also cause the characteristic mottled contrast. Since N tends to segregate to the Cr-rich α Cr phase [20] , it may be difficult to separate the contributions to the mottled contrast by Cr and N. The other microstructural feature accompanying spinodal decomposition is the crisscrossing of dislocations ( Fig. 1) [21, 22] . Although both the ferritic class and the duplex class of stainless steels may undergo spinodal decomposition, Miller et al. [23] have shown that the spinodal decomposition of the ferrite phase of the duplex class proceeds more rapidly.
The austenite phase in duplex stainless steels was thought to be unaffected by spinodal decomposition for a long time, except for the precipitation of some carbides. A recent study by Smuk et al. [20] , however, has shown that redistribution of substitutional elements does occur in the austenite phase during spinodal decomposition. May et al. [24] have also discovered a gradual enrichment of silicon in the surface oxide film of the austenite phase, which can aggravate the galvanic corrosion between the austenite and the ferrite phases.
Regarding the morphology of the spinodally decomposed ferrite, Shek et al. [25] 
Methods of Detection of Spinodal Decomposition
Because of the severe degradation in mechanical and corrosion properties brought about by spinodal decomposition, a significant percentage of the research on spinodal decomposition has been devoted to its detection.
Acoustic methods that can measure the change in the longitudinal wave velocity may be used for this purpose, it has been observed that spinodal decomposition will cause a change in the lattice parameter of the ferrite phase [27], which in turn alters the elastic properties.
Changes in corrosion [28, 29] 
THE G PHASE
The G phase (Fig. 2) 
CHAPTER 9 Problems in Stainless Steels: Recent Advances and Discoveries
Abstract: Although possessing superior properties, stainless steels are still afflicted by a host of problems, especially when they are exposed to elevated temperatures. Problems covered in this chapter are: hydrogen embrittlement, sensitisation, metal dusting, pitting corrosion, microbiologically-induced corrosion, high-temperature oxidation, stress-corrosion cracking, fatigue, creep, and dynamic strain ageing. The emphases of this chapter are on the recent findings on the underlying mechanisms of these problems, the main factors affecting them, new methods for their alleviation/elimination and detection, and modelling.
Keywords: Hydrogen embrittlement, martensite, sensitisation, metal dusting, fatigue, creep, dynamic strain ageing, high-temperature oxidation, pitting, stress corrosion cracking, microbiologically-induced corrosion, corrosion.
HYDROGEN EMBRITTLEMENT (HE)
HE of Austenitic Stainless Steels
The activation enthalpy for hydrogen migration in austenitic stainless steels is higher than those of nickel and α-iron (0.52-0.57eV [1]). However, austenitic stainless steels still suffer from hydrogen embrittlement (HE) (for instance, in cathodic charging). Although the HE of austenitic stainless steels has been known for a long time, it seems that only until recently has the most probable underlying mechanism(s) of HE been discovered.
Mechanisms of HE of Austenitic Stainless Steels
Over the years, many mechanisms have been put forth to explain the HE of austenitic stainless steels. The representative ones are: Gavriljuk et al. [24] , hydrogen atoms enhance the metallic character (i.e., an increase in free electrons) of the interatomic bonds in austenitic stainless steels, which then enhance plasticity and toughness because dislocation mobility is increased. The hydrogen-enhanced dislocation mobility has been observed by Ferreira et al. [26] and Robertson [27] . In addition to austenitic stainless steels, HELP and the blistering associated with hydrogen pressure buildup have been utilised to explain the HE in the ferrite phase of duplex steels [12] .
Besides pointing out the importance of HELP, Gavriljuk et al. [28] have also concluded that it is very unlikely for H-induced decohesion to cause HE in austenitic stainless steels. This is because the increase of the metallic character of the interatomic bonds after hydrogen-charging [28, 29] is at odds with the Hinduced decohesion mechanism.
The formation of H-induced ε martensite, ε hydride (and the fcc hydride γ* [10], which is also denoted asγ H by some authors [30] ) is thought to cause HE because their habit plane coincides with the active (111)γ planes on which brittle fracture occurs [31] .
Nonetheless, in the studies by Gavriljuk et al. [28, 32] , the correlation between the ε martensite and HE cannot be established. In these studies, these authors increased the amounts of the ε martensite in their samples through the addition of silicon. However, the resistance of the samples to HE was not reduced. In this regard, Ulmer and Altstetter [30] also concluded that the hydrideγ* might not contribute to ductility loss.
As to the role of hydrogen in causing the formation of the ε martensite/ε hydride, different views have been held out by different workers. Some researchers argued that hydrogen could lower the stacking fault energy (SFE) [13, 15] , leading to easier formation of the ε martensite, which would compromise ductility [10] . It has to be noted that the role of the ε martensite in causing HE has been disputed as just mentioned. Glowacka and Swiatnicki [13] have observed that the stacking fault density of the austenite phase will increase after H-charging, which implies that hydrogen lowers the SFE. Regarding the role of the SFE in HE, it is believed that the formation of the Lomer-Cottrell locks, which are associated with the decrease of the SFE by hydrogen, is responsible [11] . Also, some authors believe that since the SFE is decreased by hydrogen, the deformation mode of austenite will change from cross slip to planar slip, with an attendant ductility loss [12] . However, in the study conducted by Hardie and Zheng [14] , it was found that the amount of the ε martensite in a 316 steel was directly proportional to the SFE. This seems to be in contradiction to the view that hydrogen lowers the SFE.
In addition to the afore-mentioned mechanisms, other mechanisms have been proposed to explain HE. It is well established that the ε martensite may transform to the bccα' martensite [33] . Thisα' martensite has also been implicated in causing HE [16, 17, [34] [35] [36] [37] [38] [39] , as hydrogen may induce its cracking [40] . Nevertheless, it must be noted that α' does not form in the 310 steel, yet it still suffers from H-induced embrittlement.
Trapping of H at the interfaces between the matrix and second phase particles has also been suspected of causing HE in austenitic stainless steels [18, 19] . In precipitation-hardening stainless steels, this mechanism is considered to be very important [41, 42] .
Long range redistribution of hydrogen to defects and precipitates through mobile dislocation during deformation is regarded by some researchers as the main mechanism of HE [20, 21] . Experimental supports for this view are: 1. at 77K, the diffusion of hydrogen is almost impossible and so HE does not occur, and 2. HE decreases with increasing strain rate. However, the need for long range transport of H via dislocations has been disputed by Harvey et al. [43] , because these authors observed embrittlement in impact test (very high strain rates) at 77K. In addition to the above-mentioned mechanism, the tensile stress induced by hydrogen entry into the steel is also thought to enhance HE [44].
Hydrogen Embrittlement of Ferritic and Duplex Stainless Steels
Ferritic-austenitic duplex stainless steels are vulnerable to HE, especially the ferrite phase [45] [46] [47] [48] [49] . This is because the diffusion rate of hydrogen in the bcc ferrite is much higher than that in the fcc austenite [50] [51] [52] [53] . In a cathodically-charged duplex stainless steel, it has been observed that hydrogen promotes transgranular fracture of the ferrite phase, which then induces microcracks in the austenite phase [54] .The deleterious effect of ferrite has also been confirmed in a recent study by Luppo et al. [12] . These authors have concluded that both the amount and morphology of the ferrite phase will greatly affect the susceptibility of the duplex stainless steel to HE.
For duplex stainless steels, Zakroczymski et al. [48] have established that the following two ratios are good H-induced embrittlement indexes:
HE index 1: (the time to failure in the presence of H)/(the time to failure in air).
HE index 2: (the reduction in area in the presence of H)/(the reduction in area in air).
SENSITISATION
The most accepted theory of sensitisation is the Cr-depletion theory [55] . According to this theory, if the fraction of Cr-deficient boundaries (Cr<11wt%) reaches the critical value, then the steel is embrittled [56] . In austenitic stainless steels, both M 23 C 6 and the sigma phase may cause intergranular Cr depletion [57, 58] . In a recent study, Nagae [59] has also demonstrated that grain boundary Cr depletion may occur because of stress-enhanced diffusion through dislocations.
Although sensitisation almost always deteriorates the properties of stainless steels, Arioka et al. [60, 61] have recently shown that sensitised austenitic stainless steels may be more resistant to intergranular stress corrosion cracking. This is because the grain boundary carbides may hinder grain boundary sliding.
Factors Affecting Sensitisation
Steel Chemistry
The effective chromium content (Cr eff ) provides a convenient, quantitative way to predict the propensity of stainless steels to sensitisation [62, 63] 
Cr eff is indicative of the chromium activity at the interface between the carbide and the matrix [63] . A higher Cr eff means less severe grain boundary Cr-depletion, which means it will take a longer time for sensitisation to occur [63] .
One way to alleviate sensitisation is to reduce the carbon content [64] . Trillo and Murr [65] have established that there exists a threshold grain boundary free energy (and a corresponding threshold carbon content) for sensitisation to occur at a given temperature.
Grain Size Effect
As to the effect of grain size, it has been established that as the grain size decreases, the time required for desensitisation becomes shorter [66, 67] . When the grain sizes decrease to a certain value, the time difference between sensitisation and desensitisation will be negligible. This is because 1. Cr diffusion becomes highly efficient due to the profusion of grain boundaries, and 2. the distances for Cr to diffuse from grain interiors to the grain boundary regions are very small. Because of these two reasons, any Crdepleted regions that occur as a result of carbide precipitation will be rapidly replenished with Cr atoms.
Effects of Deformation and Deformation-induced Microstructures
Singh et al. [68] , by using a wide range of degrees of prior deformation, testing temperature and testing duration, have concluded that prior deformation tends to accelerate sensitisation. Nevertheless, these authors have found that the degree of sensitisation and the amount of cold work are not directly proportional. That is, the relationship between the degree of plastic deformation and sensitisation is not monotonic [68, 69] . When the degree of deformation is very high, the diffusion of Cr atoms are expedited and so desensitisation may occur pretty fast.
For stable austenitic stainless steels (such as the 316 steel), deformation-induced slip bands and their intersections are the prime sites for carbide precipitation [70] . In these stable steels, intragranular carbide precipitation reduces intergranular carbide precipitation by taking up some of the carbon [71, 72] .
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CHAPTER 10
Novel and New Applications of Stainless Steels Abstract: Stainless steels are used in many applications like heat exchangers, furnace liners, automotive components, solar panels, and kitchenware. This chapter attempts to cover new applications that have recently been reported. A few novel uses of duplex stainless steels are also covered, these are the use of duplex stainless steels for temperature sensing and magnetic drug targeting.
Keywords: Feroplug, Sigmaplug, magnetic recording, hot-spot indication, temperature indication, stent, radiopaque, drug targeting, PRESS, strength retention, stiffness retention.
TEMPERATURE AND HOT-SPOT INDICATION
Duplex stainless steels, whose ferromagnetic ferrite phase decomposes upon thermal ageing, have been utilised for temperature measurement below about 600 and the technique is named Feroplugs [1, 2] . The Feroplug technique works on the fact that the amount of remnant ferrite in duplex stainless steels after extended ageing is temperature-dependent [1, 2] . And so one would be able to deduce the prior working temperature of a component, to which a Feroplug was attached, by measuring the remnant ferrite content of the Feroplug. Nevertheless, the ferrite phase decomposes almost completely into secondary austenite and the intermetallic sigma phase above 600 and so there the Feroplug technique is rendered useless, because there is virtually no ferrite in the aged materials.
Recent research by one of the inventors of the Feroplug technique (Lai) has proposed to use the cryogenic magnetic transition of the sigma phase for temperature measurement and the new technique is named Sigmaplug [3, 4] . Preliminary results have shown that the Sigmaplug technique is employable for hot spot indication [5] .
MAGNETIC RECORDING AND APPLICATIONS THAT UTILISE MAGNETISM
The transformation from the non-ferromagnetic γ to the ferromagnetic α' has been utilised for measurement of contact pressure in indentation, monitoring of stresses in sliding experiments and magnetic recording [6, 7] . The use of metastable austenitic stainless steels as magnetic recording materials is quite interesting. It has been demonstrated that by putting a piece of paper on a stainless steel backing sheet and then penning on the paper, traces of martensite will be induced on the backing sheet and these martensite traces more or less replicate the trajectories travelled by the pen tip (Fig. 1) . What was written on the paper can therefore be revealed later on by examining the martensitic regions. Therefore, metastable austenitic stainless steels may serve the purpose of signature authentication (Fig. 1) . While the applications just introduced take advantage of the ferromagnetism of deformation-induced martensite (α'), ferromagnetism is unwelcome under some circumstances. For example, even the presence of trace amounts of residual martensite in the experimental equipment for cryogenic physics is undesirable, in as much as artefacts will be produced. In this case, very stable austenitic stainless steels exhibiting cryogenic paramagnetism must be used. To ensure cryogenic paramagnetism, steel chemistry must be carefully designed such that the austenite matrix is stable under the loading conditions and working temperatures to which the steel is exposed. A specially made austenitic stainless steel possessing cryogenic paramagnetism and good low-temperature strength has been fabricated and used as the collars for the LHC dipole magnets at CERN [8] .
TRANSPORTATION
Use of ferritic stainless steels in the automotive industry has had a long history and is pretty well known [9] . Equally useful for the automotive industry are the austenitic grades and the duplex grades [10] . While austenitic stainless steels may rival their competitors like aluminium in terms of properties like specific stiffness and specific strength [10], they stand out because of their crashworthiness (very absorbent of energy) under dynamic loading conditions [10] . The high-cost of nickel may sometimes render the use of austenitic stainless steels uneconomical. For this reason, new steels with high Mn and N levels have been made for use as automobile structural materials [11] . These steels may have mechanical and corrosion properties that rival the 304 steel [11] .
Besides vehicles moving on the land, stainless steels have also found their niche in the making of those surfing the sea. The 15-5PH stainless steel has been confirmed to be a suitable candidate for use as the hydrofoil for high-speed passenger craft [12] . A study by Fujita et al. [12] has suggested the heat treating conditions that may inhibit the deformation of the 15-5PH steel associated with the re-solution treatment after welding. Superaustenitic stainless steels, with raised N and Mo levels, are also suitable for applications involving contact with sea water [13] .
CONSTRUCTION
Stainless steels have long been used as roofing materials and facades by the construction industry. The Chrysler building in New York is an epitome. One of the main reasons for the use of stainless steels for construction purposes is that their corrosion resistance in atmospheric conditions is substantially higher compared with those of zinc and copper [14] . A recent interesting study by Wallinder et al. [15] has looked into the release rates of Ni and Cr of 304 and 316 upon exposure to atmospheric conditions. The influences of rain intensity and its pH value have been studied by these authors, too [16] .
Using stainless steels for construction purposes has been proved to be cost-saving in the long haul. When corrosion of steel reinforcements of concrete structures occurs, the costs of repair can be prohibitively high. For steel reinforcements, galvanising may provide short-term protection only [16, 17] . Coating the reinforcements with epoxy may be an option, but this may degrade the adhesion between the reinforcements and the concrete [18] . To avoid this problem, use of stainless steels as concrete reinforcements may be a wise alternative [19] . It has to be noted that even though stainless steel reinforcements may cut cost in the long run, the high initial cost, which is mainly incurred by the use of Ni, may be prohibitive in some cases. Bautista et al. [20] have shown that the less expensive low-Ni stainless steels may be a feasible alternative to traditional stainless steels as concrete reinforcements.
Besides reinforcements, stainless steels have also been suggested for use as loading-sustaining structural components. A concrete bridge built by the Oregon Department of Transportation is a good illustration. The rebars of this bridge are made of duplex stainless steels and this bridge is designed to last 120 years with 'literally no maintenance' whatsoever, in spite of the salty atmosphere and seismic activity in Oregon [21] .
A very good review article on the advantages of using stainless steels for construction purposes has been contributed by Gardner [22] . Some of the advantages of stainless steels include fire resistance and better retention of strength and stiffness at elevated temperatures compared with carbon steels [22] [23] [24] [25] (refer to Figs. 1.1 and 1.2 in Chapter 1) . Therefore, stainless steel structures will be able to retain better structural integrity in a fire accident. Good plastic deformation behaviour and the ability to absorb energy also make stainless steels stand out as structural components [26] .
MEDICAL USES
Medically, coronary stents may be made of stainless steels like 316L. But their high Fe contents may render them non-compatible with magnetic resonance imaging (MRI) and to be poor fluoroscopic materials [27] . In spite of these limitations and a myriad of materials that have been chosen as stent materials (like titanium), stainless steels are still favoured, as evidenced by the fact that seven out of the eight coronary stents approved by the US Food and Drug Administration are made of stainless steels [27] . Compared with other competitive materials like Ti, stainless steels may be better in formability, weldability and affordability.
To overcome the fluoroscopic radiopacity, recent attempts have been made to produce radiopaque stainless steel stents [28] . The radiopaque stents, known as Platinum-Enhanced Stainless Steel Stents (PRESS), are based on UNS S31673 whose enhanced fluoroscopic radiopacity is imparted by platinum [28] .
Surface microstructuring using electrochemical etching of the stainless steel stents has been attempted by Stover et al. [29] to make drug-coated stents. To control magnetically the rate of drug release, Huang et al.
[30] have attempted to coat the surfaces of stents made of SUS316 with a drug-laden magnetic-gelatin hydrogel.
Stents made of the stainless steel 430, which is ferromagnetic, have been utilised by Aviles et al. [31] for magnetic drug targeting. This ferromagnetic stent, when implanted near the target zone in the body and energised by an externally applied magnetic field, may assist retention of magnetic drug carrier particles (Fig. 2) , thereby enhancing drug delivery to the desired part of the body. Shih et al. [32] , using a proprietary process, have produced an amorphous oxide layer in a 316L wire which offers outstanding corrosion resistance in Ringer's physiological solution at 37℃. These authors [33] have also found that the amorphous oxide layer may reduce thrombosis when the treated 316L wire is used as stents. Downsizing stainless steel stents may bring even more benefits such as reduction of restenosis [34] .
Stainless steels are also used as retinal tacks [35] . A very striking recent study has found that stainless steel retinal tacks used for 21 years shows almost no toxicity.
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CHAPTER 11
Improvement of Bulk and Surface Properties of Stainless Steels
Abstract: This chapter is on techniques that can be used to improve the properties of stainless steels. Some of these techniques improve surface properties, while some of them enhance the properties throughout the bulk of the material. Many of the techniques improve properties through grain refinement, whereas some rely on a phase transformation. Some of the techniques are specifically devised for a particular type of stainless steel (the technique that utilises reverse transformation of martensite is mainly for the austenitic type) or for steels in the liquid state.
Keywords: Surface modification, laser surface modification, grain refinement, carburisation, colossal carbon saturation, Kolstering, S-phase, nitridation, heavy plastic deformation, martensite, reversion transformation, intercritical annealing.
SURFACE MODIFICATION AND TREATMENT
Surface engineering is the branch of science that aims at improving the surface properties of materials and components. Compared with conventional techniques for property enhancement, surface enhancing techniques such as lasers are usually less energy intensive and may be deployed on-site. This chapter will go through the recent techniques for surface treatment of stainless steels.
Surface Grain Refinement
Very often, as the grain sizes decrease, mechanical and corrosion properties of metals become better. The improvement is even more noticeable if the grain sizes are reduced to the nanometre scale. It is to be noted even if only the surface region is nanostructured, the properties of the bulk material are also improved [1] . Fatigue life, for example, is prolonged because the surface nanocrystalline layer can impede dislocation movement [2] . Corrosion properties are enhanced since the copious amounts of grain boundaries in the nanostructured surface region enable fast diffusion of Cr [3] .
Recent techniques for obtaining stainless steels with a nanostructured surface include ultrasonic peening (UP) [3] , high-energy shot peening [4] , ultrasonic shot peening(USP) [5] , surface mechanical attrition (SMA) [2, 6, 7] and sandlblasting [8] .
The nanostructuring mechanisms involved in these techniques have been investigated in detail [2, 5, 9] . In ultrasonic shot peening, the colossal amounts of dislocations and the formation of small shear bands are though to be the underlying mechanism [3] . On the other hand, the formation of dense dislocation walls (DDWs) and dislocation tangles (DTs) and their subsequent transformations to highly misoriented grain boundaries have been suggested to be responsible in the SMA of pure Fe. In AISI304, the subdivision of grains due to intersecting twins and the formation of nanosized martensite regions are regarded as the contributing factors [7] . In these surface nanostructuring processes, the top surface layer is subjected to very severe plastic deformation at very high strain rates. Recently, in studying the grain refinement process within adiabatic shear localisation, which also involves severe plastic deformation at high strain rates, it has been found that secondary twinning inside shear bands plays a critical role in the formation of the nanostructure in 316L [10] .
In addition to plastic deformation, other techniques such as magnetron sputter deposition has been employed to fabricate nanostructured thin films of 330 austenitic stainless steel, too [11, 12] . The grains of these films are heavily twinned on [111] with a nanoscale (~4nm) spacing.
Laser Surface Modification
Lasers, and electron beams, which may bring about melting, phase transformation, etc., in the surface regions of materials have been utilised for surface enhancement for a long time. Amongst them, lasers are arguably the most commonly used. Many types of lasers (excimer, Nd:YAG, CO2) have been utilised for surface modification of stainless steels. These modifications include surface melting [13] [14] [15] [16] [17] [18] [19] , laser annealing [20] [21] [22] , laser cladding [23, 24] , laser alloying [25] [26] [27] [28] [29] [30] [31] , laser peening [32] , and laser transformation hardening [33, 34] .
In laser surface melting (LSM), a thin surface layer is melted by the laser beam and then this shallow layer is cooled down very quickly by the bulk of the matrix. LSM has been reported to improve the intergranular corrosion resistance [13, 18, 35, 36] and pitting corrosion resistance [14] [15] [16] [17] [18] 37] of stainless steels, because carbides [38] and impurities like MnS [39] are diminished in size. The formation of Mn-Si compounds is also thought to contribute to pitting corrosion resistance because the quantity of Mn available for forming MnS is lowered [40] . It has also been reported that LSM may promote preferred orientation along the [200] direction and the formation of ferrite in the melted layer. These factors are thought to be beneficial to pitting corrosion resistance [14] . A recent study by Yang et al. [41] has demonstrated that laser surface melting and annealing may bring about a high density of low-ΣCSL boundaries in 304. These boundaries may enhance intergranular corrosion resistance substantially. When the surfaces of stainless steels are lightly melted by lasers, the extremely high cooling rate due to the bulk of the substrate may bring about a nanostructured surface layer, resulting in substantial surface enhancement [42] .
Although LSM is in general viewed as a property-enhancing technique, some researchers have reported negatively on this method [43] [44] [45] . A study by Kwok et al. [16] reveals that LSM may degrade the cavitation erosion resistance of S30400 and S32760 stainless steels because of the formation of delta ferrite. The work by Parvathavarthini et al. [43] on laser surface treatment in a nitrogen atmosphere showed a reduction in the critical pitting potential because of the roughness and inhomogeneity of the melted surface. When nitrides are present after the LSM treatment in a nitrogen atmosphere, resistance to pitting is compromised [44] . Nevertheless, pitting is improved if N is in solid solution [17] . So, it is important to control the processing parameters (scan speed, intensity of the laser, etc) in such a way that the laser-treated surfaces are smooth and nitride-free.
The incorporation of intermetallics and carbides to stainless steels through laser-cladding can enhance tribological properties [23] [24] [25] [26] [27] [28] [29] . Laser cladding of stainless steels with ceramic powders like WC and SiC to form a surface metal matrix composite may improve wear resistance and corrosion-erosion resistance [25] [26] [27] [28] [29] [46] [47] [48] [49] .
Lasers may also be used to cleanse the surface of stainless steels that is contaminated with micro-organisms [50] [51] [52] and surface oxides [53] . When a laser beam is shone briefly on the stainless steel, these contaminants will be vaporised, leaving behind a shiny stainless steel surface.
Laser peening, which utilises a laser beam of very high intensity (~GW/cm2), is capable of generating very large compressive stresses and hence can shore up fatigue properties [32, 54] and resistance to stress corrosion cracking [54] . Laser peening can better the pitting corrosion resistance of stainless steels, too [32] . It is to be noted that compressive surface residual stresses may also be achieved by laser-annealing [20] .
In addition to lasers, high-energy electron beams [55, 56] , high-intensity pulsed ion beam (HIPIB) [57, 58] , and saddle field neutral fast atom beam [59] have been used to enhance the surface properties of stainless steels [55, 56] . Typically, these high-energy sources are used to slightly melt the surface of stainless steels, thereby vaporising impurities like MnS. Surface melting also homogenises the composition of the surface region and smooth out any irregularities. Removal of compositional heterogeneities and surface roughness surely are beneficial to fatigue and corrosion properties.
Carburisation (Colossal Carbon Supersaturation)
In Chapter 8, the generation of the S phase (which is obtained by introducing carbon (nitrogen) in stainless steels without causing precipitation) for surface enhancement has been introduced. This section will thus not delve on this phase. Instead, a few proprietary methods which are capable of introducing a colossal amount of carbon (nitrogen) into stainless steels without the precipitation of carbides are covered.
One common problem associated with conventional carburisation is the precipitation of carbides when the carbon content reaches a high level. Therefore, the possibility of introducing a high level of carbon to stainless steels without causing carbide formation has been the subject of a lot recent research. For duplex stainless steels, Jauhari et al. [60] have found that by superplastically deforming them during carburising, the surface tribological properties can be greatly improved compared with conventional carburisation, as the diffusion of carbon is facilitated [60] . While this may increase the surface carbon content somewhat, it never gets very high. To achieve substantial carbon contents in the surface regions, several proprietary techniques have been developed recently.
The Poinite treatment for austenitic stainless steels involves carburising in a gas mixture of CO and H 2 below 773K [60] and has been demonstrated to be a useful surface enhancement technique [60] [61] [62] . Another new, novel gas-phase carburising technique has been developed by the Swagelok Company for austenitic stainless steels. The carburisation process involves removal of the Cr 2 O 3 surface oxide at 200℃ in a dry HCl atmosphere and a subsequent carburisation treatment .
Removal of the surface oxide enables very efficient entry of C into the substrate. Between 465℃ and 475℃, substitutional elements are not mobile, whereas interstitial elements are able to move around. As a result, a steel carburised in this way is said to be carburised under paraequilibrium [64, 65] , which allows a colossal supersaturation of carbon (12at%, about 800 times the equilibrium solubility) in the surface region without the precipitation of carbides. The avoidance of carbide precipitate is attributed to the immobility of the substitutional elements. Beyond 12at%, M5C2 (the Hagg carbide) and M7C3 form, the former being the dominant one [63, 75] . It is to be noted that the Hagg carbide seldom forms in austenitic stainless steels. The colossal C-supersaturation gives rise to superb corrosion, fatigue and mechanical properties [63, [65] [66] [67] [68] [69] .
Kolserising
® is also a proprietary low-temperature surface carburising technique (developed by the Bodycote Metal Technology Group [70] ). The Kolstering technique can bring about substantial C saturation in the surface of austenitic stainless steels (6-7wt%). The Kolserised surface, which is a mixture of the S phase and carbides (possibly the Hagg carbide) [71] , exhibits a combination of high hardness and good ductility and enhanced corrosion resistance [70, 71] .
In addition to the supersaturation of carbon, the supersaturation of nitrogen has also been used for surface property enhancement. Christiansen et al. [72] have devised a patented method for attaining colossal Nsupersaturation (~38at%) in austenitic stainless steels. In this method, the surface chromium oxide is first removed to expedite the entry of N. And then a thin film of Ni is deposited on the stainless steel substrate, followed by a nitriding treatment in an ammonia-containing gas.
Other Surface Enhancing Techniques
Recently, many interesting, novel surface modification methods have been shown to be feasible for the enhancement of corrosion resistance. Saleh et al. [73] have found that by applying cyclic potentiodynamic polarisation to a 316LVM stainless steel between the potential of hydrogen and oxygen evolution, the passive surface film formed will possess very good resistance to general corrosion and pitting. Exposure to UV light during passivation [74] and electropolishing [75] have also been reported to enhance the corrosion resistance of the surface film. Shih et al. [76] have utilised a proprietary process to attain an amorphous oxide layer in a 316L wire. The amorphous oxide layer possesses outstanding corrosion resistance in Ringer's physiological solution at 37 compared with the protective oxides that formed via thermal oxidising at 450 for 15 minutes and electropolishing in a phosphoric acid-glycerin solution [76] . Fredj et al. [77, 78] have shown that by using liquid nitrogen as a coolant during grinding, a surface layer of lower roughness, with less defects, of higher work hardening and a residual stress that is less tensile will form. The resulting surface possesses better resistance to both fatigue [77] and pitting [78] .
INTRODUCTION
Quite a large tonnage of stainless steels is used for construction and architectural purposes. In many of these applications, aesthetics is a primary concern. The stainless-steel crown of the Chrysler building in New York must be shiny in order to be appealing. The famous 'Gateway to the West' arch on the bank of the Mississippi River in St.Louis, Missouri, which is highly reflective in daytime and is magnificently illuminated at night, is another example.
While these examples make use of silvery stainless steels, there is no reason to limit the colour choice to just silver. Like other metals, stainless steels may be plated with other metals like gold and copper alloys. Gold is soft and pricey and so the same colour is more economically achieved using the methods discussed below (like ceramic coating). The painting of stainless steels does not differ much from the painting of other metals, except for some process modifications that must be made to enhance paint adherence. Stainless steels are typically coil or resin paint coated. The paints on stainless steels usually last longer than those applied to other metals, insofar as the underlying stainless steel does not corrode easily, thereby minimising peeling. Nevertheless, paint does fade over time. However, the methods introduced in subsequent sections yield more long-lasting colour films on stainless steels.
Over the years, quite a number of methods, many of them proprietary and patented, have been proposed for imparting different colours to stainless steels. Different colours can be obtained because of interference of lights reflected at the film/air and film/steel interfaces, although a colour subtraction effect might also not be important [1] . Earwaker et al. [2] pointed out that the film colour would be a function of the processing time, but the film composition is unchanged with processing time. Different film thicknesses may be achieved by using chemical methods [2] [3] [4] [5] , electrolytic oxidation [6] and thermal oxidation in air [7] . The film thickness may be deliberately varied over the surface to produce a rainbow effect. Alternatively, uniform film thickness, and thus a uniform colour, may be obtained.
A variety of colours are obtainable on stainless steel surfaces, these are gold, bronze, purple, red, blue, green, black and charcoal. Thicker films produce darker colours. Usually, the colour will not fade upon exposure to sunlight. For instance, the electrochemically coloured roof of the Shakaden Temple in Japan has not undergone any colour change since its installation in 1975 [8] . Patterning of colours may be obtained by selective etching, polishing or engraving.
CHEMICAL OXIDATION AND THE INCO METHODS
Chemical colouring methods involve the use of a hot solution (70°C or higher) containing chromic and sulphuric acids (e.g. 2.5mol/l CrO 3 + 5.0mol/l H 2 SO 4 ) to produce an oxide film on the stainless steel surface [2] . Formation of the film has been attributed to anodic sites (slip bands, twins and grain boundaries) where the steel dissolves into the solution, and cathodic sites where chromate (or dichromate) anions are reduced to trivalent chromium ions [4] . The cathodic reaction contributes to growth of the oxide film due to the hydrolysis reaction of dissolved metal ions with Cr 3+ formed by the reduction of chromic acid. The potentials of the stainless steel specimens are continuously monitored using a platinum electrode. The colour tone of the film may be controlled via the potential difference with respect to the platinum electrode in the potential-time curve. The film produced in this way is usually porous and soft. A subsequent electrolytic hardening process is thus usually required to improve film properties. Reproducibility of colour tones using the purely chemical method can be difficult to achieve [9] .
potential and the induction time for pitting are the longest for the electrochemical method, while the purely chemical method fares the worst. The cathodic hardening process used in the electrochemical method and the INCO method restricts the diffusion of reactive species in the film, thereby enhancing its corrosion resistance.
Recently, a one-step process has been devised by Chen et al. [22] (Fig. 1) . The one-step process involves two circuits. The first circuit is made up of a digital voltmeter (1), a stainless steel specimen (7), and a reference platinum electrode (5) that is used to control the potential difference (and thus the colour of the steel) during colouration. The second circuit used for electrolytic hardening is composed of the stainless steel specimen (7) (as cathode), auxiliary electrodes (6) (two lead plates as anodes), an adjustable resistor (2), a DC power supply (3) and a digital ammeter (4). The colouring aqueous solution contains 490gl All of the afore-mentioned methods utilise chromic acid containing the highly toxic Cr(VI). In order to lessen the harmful effect on the environment, several research efforts have suggested the use of sulphuric acid [23, 24] . Fujimito et al. [23] have demonstrated that films of about 600nm may be achieved on the 304 steel by immersing it in deaerated H 2 SO 4 (0.5mol L -1 and 5.0mol L -1 ) at 50°C, followed by potential polarisation with a square wave for 40 minutes. On the other hand, Vasconcelos et al. [24] have shown that the use of a current scan (triangular wave) is also possible.
COLOURING USING COATING
Ceramic colouring/coating (also known as sputtering, plasma vapour deposition (CVD) or by the identification of materials and colour (like Ti-gold)) is a technique that may impart a uniform film of highquality, mirror-like finish on stainless steel surfaces [25] . Films of ZrN, TiN, TiAlN and TiAlCN have been successfully coated on stainless steels via sputtering. Compared with electroplating and painting, ceramic colouring may produce very uniform films with high repeatability in colour tones. The latter technique may also produce very thin films such that the finish and texture of the metal sheets are not masked. Plus, the ceramic coatings are usually more durable and scratch-resistant than electrochemically-produced films, making them suitable for more aggressive use such as door hardware.
LASER COLOURING
Colouration of stainless steels has been demonstrated to be achievable via laser-colouration. Li et al. [26] obtained thick oxides on the 304 steel from multipasses of laser irradiation using a Q-switched, third harmonic Nd:YVO 4 laser. The oxide film is bi-layered, with Fe 2 O 3 being the outer layer and Cr 2 O 3 the
INTRODUCTION
Work on powder metallurgy (PM) of stainless steels may be traced back to the 1930's when the Hardy Metallurgical Company tried to produce the 18-8 grade austenitic stainless steel by mixing elemental powders of iron, nickel and chromium in the right proportions. The test piece was sintered in purified dry hydrogen for 44h at 1300°C, an egregious uneconomical process. Since then, the costs for the production of PM parts have decreased substantially relative to the early days. As a result, the use of PM has been quite popular nowadays. In the year 2000, powder shipments grew nearly by 22% to 7157 short tonnes, following a 12% increase in the previous year in North America, thanks to the increased use of PM in the automotive industry [1] .
Stainless steel parts fabricated by PM are used in a variety of fields. Some of these are automotive temperature control valves, anti-lock braking system sensors, exhaust flanges and filters. Stainless steel powders have very good flow and die fill characteristics and so do not present any unique problems in compacting. The austenitic grades are the most extensively used, but the ferritic grades are also gaining importance. The ferritic grades may reach a higher sintered density than the austenitic grades, especially at high temperatures, on grounds of their higher self-diffusivity [2] . In the as-atomised condition, austenitic stainless steel powders are very soft and so have good compressibility for PM processing. As-atomised powders of the martensitic grades, on the other hands, are usually in the hard martensitic state and so are not readily compressible. Consequently, tempering the powders below the austenitisation temperature or re-austenitising them at slightly above the austenitisation temperature with a subsequent slow cooling may be required.
Powders are most often made by either water atomisation or gas atomisation, but methods like thermal decomposition of a chemical compound, and electrodeposition are also in use. Gas-atomised powders have a low surface oxygen content, and so their sinterability is better than their water-atomised counterparts. Gas-atomised powders are also more spherical than water-atomised powders, and hence the former's mixture viscosity is lower during mixing and moulding. However, the less-spherical nature of wateratomised powders may improve shape retention during thermal processing. To mitigate surface oxidation of powders, even paraffin has been suggested as an atomising liquid [3] .
Most commercially available stainless steel powders contain a small amount of silicon for the formation of a silicon-rich surface layer that may prolong shelf life. This silicon-rich layer, although microscopic in scale, may hinder mass transfer during sintering [4] . It is to be noted that when it is desired to produce good soft magnetic properties (in 410L, 434L, for example), it is important to ensure that a high degree of sintering is obtained.
PROBLEMS IN PM OF STAINLESS STEEELS
Compared with conventional methods, a main drawback of PM is that parts made using this method might be porous. Porosity not only detracts from mechanical properties, but it also adversely affects corrosion resistance as pores and crevices are convenient sites for the accumulation of corrosion products [5] . Adding more alloying elements like Ni and Mo may improve corrosion performance, but high alloying levels add to cost and impair compressibility. A recent research shows that mixing small, spherical gas-atomised powders to bigger, irregular water-atomised powders may reduce porosity, because both the good compressibility of gas-atomised powders and the good sinterability of water-atomised powders are taken advantage of [5] [6] [7] .
There are many problems that may occur during sintering. Formation of carbides [8] and nitrides [9, 10] during sintering is one of these problems. The sintering temperature for types 420 and 440 martensitic stainless steel powders must be carefully chosen within a narrow sintering window in order to reduce porosity and generate a finely distributed, spheroidal carbide in the sintered microstructure [8] . Highnitrogen sintered parts containing nitrides may be reheated at a low temperature (say at 1150°C) to dissolve the nitrides, followed by rapid cooling to avoid nitride reprecipitation [10] . Besides precipitation, a thermal gradient within the compact may also be problematic. To circumvent this problem, it has been shown that sintering with a multimode microwave furnace may be handy. Microwaves interact directly with the powder particles and so rapid volumetric heating of the compact becomes possible, whereas in conventional furnaces, parts are heated from the outside in [11] .
Quite often, the corrosion and mechanical properties of PM stainless steels is lower than that of their wrought counterparts having similar compositions [12] mainly because of the presence of (interconnected) porosity [13] . Pore morphology affects corrosion properties significantly [14] , because open, interconnected pores allow the free flow of the corrodent [15] . Electrolyte stagnation in pores may also lead to development of hydrogen concentration cells between the pore surfaces [9] .
It is thought that pore morphology, rather than the pores per se, may be responsible for corrosion attack [16] . Residues left over after sintering may detract from oxidation and corrosion resistance. The pore morphology also affects local plastic behaviour, which in turn influences mechanical properties [17] . The sintering atmosphere also plays a role in corrosion behaviour. For example, while sintering in a nitrogen atmosphere may improve mechanical [18] and corrosion properties [19] , nitrogen is beneficial only if it remains in solution. When nitrides and carbonitrides form, corrosion resistance is reduced [20, 21] . The distribution of nitrides also affects the extent of corrosion. In this respect, sintering in a vacuum or other inert gases may be desirable [20] . As a matter of fact, the sintering atmosphere affects sintered density, size and shape of pores, and grain size [22] . Therefore, the sintering atmosphere is a very critical factor in PM as it directly bears on the final mechanical and corrosion properties.
Besides the sintering atmosphere, cleanliness of the press area is also important. Just a few leftover iron particles embedded in the sintered part may be sufficient to initiate localised corrosion. It is also crucial that any pressing lubricant (carbon-containing stearates, waxes, zinc, lithium stearates, etc.) be thoroughly burned off in a presintering treatment, or else it may cause carburisation during sintering, thereby compromising corrosion resistance and machinability. In general, lubricants containing a metallic component have to be dealt with at a higher temperature than with purely organic ones. The final finishing processes of the sintered part may also affect corrosion resistance. The influences of several commonly used finishing processes on the corrosion resistance of PM stainless steel parts have been assessed, with tumbling found to be the most deleterious [23] .
In spite of the afore-mentioned problems, PM does have its upsides. For instance, it allows near-net-shape fabrication of complicated components [24, 25] . The use of PM, coupled with novel techniques like selective laser sintering [26, 27] , direct laser sintering [28] and softlithograprahy [29] , has been utilised to produce components of intricate shapes. Fabrication of defect-free micro-components with high precision and surface quality has been shown to be possible with PM [30] . Furthermore, porosity, when produced in a controlled manner, may be useful as sintered metallic foams. These foams may be used for sound attenuation, abradable seals and flow control devices. A microstructure with a very fine and uniform porosity may be attained by ball-milling stainless steel powders with ceramic powders, with a subsequent sintering treatment [31] .
SINTERING ATMOSPHERE AND SUPERSOLIDUS LIQUID PHASE SINTERING
Commercially, dissociated ammonia (75%H 2 + 25%N 2 ) is frequently used as a sintering atmosphere. When nitrogen is in solution, it may bring about considerable strengthening. Nonetheless, nitrogen has a high affinity for chromium and so the presence of N in dissociated ammonia may lead to the precipitation of nitrides, thereby reducing corrosion resistance. Therefore, cooling rates should be high enough to avoid the formation of these phases. Dissociated ammonia may substitute for pure hydrogen for many applications when reaction with nitrogen is not a problem. Other commonly used atmospheres are hydrogen and vacuum. Hydrogen is an active atmosphere and it reduces surface oxide. The removal of oxide results in a greater degree of bonding. When hydrogen is used, Sands et al. [32] showed that the sintering response of 316L would be very dependent on moisture content. These authorsfound that when water vapour content was increased, the cooling rate must be increased in order to ensure good corrosion resistance. Sintering in a vacuum produces properties that are quite similar to those attained by using hydrogen, as it also involves dissolution of the surface oxide.
PM is often used to fabricate particulate-dispersoid reinforced stainless steels, with the aim of achieving better properties. To this end, various additives, mostly fine oxides, carbides and intermetallics, have been tried. Y 2 O 3 has been found to produce more homogeneous porosity in 316L compared with just using 316L alone [33] . Al 2 O 3 has been shown to yield better mechanical properties [34] and a fine grain size [35] . SiC is believed to give rise to a higher density in the sintered state [36] . Intermetallics like Cr 2 Al, TiAl and Cr 2 Ti can improve the wear resistance and corrosion behaviour, as they can react with the matrix [37] and so may generate a better bonding than do oxides and carbides [38] . These reinforcing particles, in addition to being mixed to the starting powders, may be generated in-situ by properly adjusting the composition [39] .
While addition of these reinforcing particulates may improve mechanical and tribological properties, their presence renders densification more difficult. To tackle this problem, recent research has attempted a liquid phase sintering process called supersolidus liquid phase sintering (SLPS) [40] , which is more suitable for prealloyed powders than ordinary liquid phase sintering. In supersolidus liquid phase sintering, the addition of Y 2 O 3 has been shown to enhance sintered density for both austenitic (316L) and ferritic (434L) stainless steels [41] . However, the corrosion resistance of 434L seems to be reduced [42] . Use of Y 2 O 3 in SLPS reduces the corrosion resistance of 434L [42] , but the intermetallics Ni 3 Al and Fe 3 Al have the opposite effect [43] .
PM OF STAINLESS STEELS
Precipitation-strengthening, attained by proper composition design, has been utilised to produce PM precipitation-hardening stainless steels whose mechanical properties rival those displayed by the conventional 17-4PH precipitation-hardening and austenitic 304L steels. These steels may be duplex (ferritic-martensitic [44] and ferritic-austenitic [45] ) and single-phased [46] .
Besides single-phased stainless steels, it is also possible to make duplex stainless steels by using PM. In fact, the making of duplex stainless steels by PM may be more advantageous than by conventional techniques. For example, hot-cracking in forging and microsegregation in casting may be aggravated by high contents of Cr, Mo and N, whose presence in new duplex stainless steels are rather substantial and common. These problems may be alleviated (or eliminated) by the use of PM and HIPing. PM HIPed duplex stainless steels are usually fine-grained, homogeneous and isotropic, even for components of large wall thicknesses [47] . HIP stainless steels are also amenable to ultrasonic testing because of their fine metallurgical structures and isotropy [48] .
PM duplex stainless steels have been shown to possess good resistance to stress corrosion cracking [49] , fatigue strength [50] and toughness [51] .
Sintered duplex stainless steels may be fabricated by 1. using pre-alloyed powders whose compositions produce a duplex microstructure [52] , 2. mixing of ferritic or austenitic powder with elemental powders (Mo, Cr, Ni, e.g.) [53] , or by mixing austenitic and ferritic stainless steel powders in proper proportions
